Objective: To investigate whether average intake of antioxidants, fruits, vegetables and ®sh may help to explain international differences in chronic obstructive pulmonary disease (COPD) mortality. Design: Ecological analysis using information on baseline diet and the 25-year COPD mortality rate in the 16 cohorts of the Seven Countries Study. Setting: Population-based cohorts. Subjects: Men aged 40 ± 59 years at baseline. Methods: Dietary information was collected at baseline in small random samples of each cohort. In 1987 the reported foods were bought locally and analysed chemically. After 25 years of follow-up the underlying cause of death of those who died was established centrally. COPD mortality rate ratios were calculated, for a change equivalent to 10% of the overall mean consumption of a dietary factor. Results: We observed independent inverse associations between 25-year COPD mortality and baseline consumption of fruits (rate ratio 0.49; 95% con®dence interval 0.36 ± 0.67) and ®sh (rate ratio, 0.97; 95% con®dence interval 0.93 ± 1.00), after adjustment for potential confounders. COPD mortality showed no statistically signi®cant association with intake of antioxidants or vegetables. Fruit and ®sh consumption together explained about 67% of the variance in the COPD mortality rates of the cohorts. Conclusions: Fruit and ®sh consumption may partly explain population differences in COPD mortality. This is in accordance with suggestions for a relationship between fruit and ®sh consumption and COPD observed in studies in individuals.
Introduction
Although cigarette smoking is the primary risk factor for chronic obstructive pulmonary disease (COPD) in individuals (American Thoracic Society, 1985) , at the population level the relation between smoking and COPD is less clear. In Japan, for instance, smoking prevalence is high, whereas the COPD mortality rate is considerably lower than in most other countries (WHO, 1985; Aoki, 1989) . This indicates that other factors apart from smoking in¯uence COPD rates.
One such factor could be diet. Several epidemiological studies have suggested that dietary antioxidants, fruits and ®sh may protect the airways against oxidant-mediated damage leading to COPD (Schwartz & Weiss, 1990 , 1994a , 1994b Strachan et al, 1991; Miedema et al, 1993; Shahar et al, 1994; Sharp et al, 1994; Britton et al, 1995; Sridhar, 1995; Rautalahti et al, 1997; Grievink et al, 1998) . Studied outcome measures were ventilatory function, respiratory symptoms and long-term incidence of chronic nonspeci®c lung disease (CNSLD).
Dietary factors involved in antioxidant defence mechanisms of the lungs are antioxidant (pro)vitamins, such as vitamin C, vitamin E and b-carotene, and cofactors of antioxidant enzymes, such as selenium (Heffner & Repine, 1989) . Non-nutritive compounds present in the diet, such as¯avonoids, also have antioxidant capacities (Hertog et al, 1993) . The potential protective effect of fruits and vegetables may be due to their high antioxidant activity (Sridhar, 1995) .
Fish oils are thought to have anti-in¯ammatory effects, because of the in¯uence on arachidonic acid metabolism of the n-3 polyunsaturated fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Simopoulos, 1991; Sridhar, 1995) . EPA and DHA may competitively inhibit the use of arachidonic acid as a substrate for the production of pro-in¯ammatory mediators like prostaglandins and leukotrienes. Derived from EPA, these mediators have diminished biological activities compared to the corresponding arachidonic acid-derived mediators.
To investigate whether average intake of antioxidants, fruits, vegetables and ®sh may help to explain population differences in COPD mortality, we conducted an ecological analysis using information on baseline diet and the 25-year COPD mortality rate in the 16 cohorts of the Seven Countries Study. Between 1958 and 1964, 12 763 men aged 40 ± 59 years from 16 different cohorts were enrolled in the Seven Countries Study. Eleven cohorts consisted of men living in rural parts of Finland, Italy, Greece, former Yugoslavia and Japan. Two cohorts consisted of railroad employees in the United States and Italy, one of workers in a large cooperative in Serbia (Zrenjanin), one of university professors in Belgrade and one of inhabitants of a small industrial town in the Netherlands. Other characteristics of the cohorts have been described in detail (Keys et al, 1967) .
Materials and methods

Study population
Examinations
Dietary information was collected at baseline (between 1959 and 1964 for 14 cohorts and around 1970 for Rome Railroad and Ushibuka) in small random samples (8 ± 49) of each cohort, using the 7-day record method in 14 of the cohorts, a 4-day record in Ushibuka and a 1-day record in the US cohort. In 1985 and 1986 the original dietary intake data were recoded by one dietitian in a standardised way and summarised in 16 food groups including vegetables, fruits and ®sh (Kromhout et al, 1989) . For the present analysis the fruit group was decomposed into solid fruits (apples, pears), citrus fruits and other fruits (soft fruits, conserved fruits, fruit juice). In 1987, foods representing the baseline diet were bought locally and sent by air in cooling boxes to the Netherlands. Within one day after arrival, the foods were cleaned and combined into equivalent food composites representing the average food consumption of each cohort. These were subsequently homogenised, freeze-dried and stored at 7 20 C until analysed. Part of the food-equivalent composites was not frozen and oxalic acid was added to this part to preserve vitamin C.
Vitamin C was determined¯uorometrically (Roy et al, 1976) within ten days after arrival. Determination of bcarotene was done using high-performance liquid chromatography followed by spectrophotometric measurement (Speek et al, 1986) . Vitamin E was extracted according to Grimm and Tiews (1972) and determined chromatographically (McMurray and Blanch¯ower, 1979) . Selenium was determined according to Welz and Melcher (1984) and avonoids according to Hertog et al (1992) . Total lipids were isolated according to Osborne and Voogt (1978) . Fatty acids were determined gas chromatographically (Metcalfe et al, 1966) . Use of different columns made identi®-cation possible of the n-6 and the n-3 fatty acids.
In all members of the cohorts, data were collected on age, smoking, height, weight and work-related physical activity at baseline and on smoking and respiratory symptoms after 10 years of follow-up. Summarised values per cohort were used in the analyses.
Information on smoking, height, weight and workrelated physical activity was collected in a standardised way (Keys et al, 1967) . Body mass index (BMI, weight/ height 2 ) was calculated and work-related activity level was divided into four categories (1 bedridden, 2 sedentary, 3 moderately active, 4 hard physical work) using information on occupation and usual activities, including parttime jobs and notable nonoccupational exercise.
The prevalence of respiratory symptoms was determined in all cohorts except the US railroad cohort. Subjects were interviewed by a trained physician using a modi®ed version of the Medical Research Council's questionnaire on respiratory symptoms (Rose et al, 1982) . Age-adjusted prevalence rates were calculated using the direct method with the age distribution of the whole study population as standard.
Mortality follow-up
The vital status of the men was determined after 25 years of follow-up. Only 56 men (0.4%) were lost to follow-up. The underlying cause of death of those who died was established centrally by two investigators (H.B. and A.M.). They reviewed information from clinical records, from family doctors, specialists and relatives and from other useful sources collected by local investigators. Usually the of®cial cause of death from the death certi®cate was not considered or was used only as a preliminary indication. Primary mortality was coded according to the 8th revision of the International Classi®cation of Diseases. COPD mortality rates (ICD 491 ± 493) were adjusted for age using the direct method, with the age distribution of the whole study population as standard.
Statistical methods
All analyses concern inter-cohort comparisons. The number of deaths from COPD per cohort was assumed to have a Poisson distribution, considering the fact that we deal with count data where the number of deaths is small in relation to the number of observations. Poisson regression was carried out (Aitkin et al, 1989; SAS, 1993) with 25-year COPD mortality as the dependent variable and dietary factors and potential confounders as independent variables. The natural logarithm of the cohort size was used as an offset, that is, an independent variable with a regression coef®cient of one. To correct for overdispersion, standard errors were multiplied by a scale factor obtained by dividing the residual variance of the model by the residual degrees of freedom.
Five potential confounders, measured at baseline, were considered: age, total energy intake, prevalence of cigarette smoking, work-related activity level and BMI. BMI was considered because in individual-level analysis of the Dutch cohort (Miedema et al, 1993) baseline BMI was found to be inversely associated with 25-year CNSLD incidence. Adjustment for age or work-related activity level did not cause a relevant change in any of the studied associations and these factors were therefore not used in the ®nal analysis. Emphasis is given to models containing the dietary factor of interest and one potential confounder, namely the potential confounder that caused the largest change in the estimated regression coef®cient of the dietary factor. Subsequently all three confounders were adjusted for, realising however, that in this case the number of parameters in the model relative to the total number of observations (n 16) is quite large.
The antilog of the estimated regression coef®cient represents the mortality rate ratio for a one unit change in the independent variable. For all dietary factors and BMI, COPD mortality and fruit and ®sh consumption C Tabak et al rate ratios were presented for a change equivalent to 10% of the mean value of the variable for all cohorts combined and for the smoking variables for a 10% change in smoking prevalence. The interpretation of the presented rate ratios is best explained with an example. The average baseline intake of vitamin E for all cohorts combined was 15 mg. The presented rate ratio for the unadjusted association between vitamin E and COPD mortality of 0.97 (see Table 2 ) indicates that if the average intake were to increase by 1.5 mg ( 10%) the 25-year COPD mortality rate would be expected to decrease by 3%. The proportion of explained variance (R 2 ) of the ®nal model could not be derived directly from the Poisson regression analyses. Therefore, the Pearson's productmoment correlation coef®cient (r) was determined for the relation between the observed and the expected (on the basis of the Poisson regression model) number of COPD deaths in the cohorts and the R 2 was calculated. To obtain normality, a square-root transformation was ®rst performed on both observed and expected COPD mortality.
All presented correlation coef®cients are Spearman correlation coef®cients. All tests were two-sided and P values smaller than 0.05 were considered to be statistically signi®cant.
Results
During 25 years of follow-up, 273 men died with COPD as the underlying cause of death, resulting in an overall ageadjusted COPD mortality rate of 2.1%. The 25-year ageadjusted COPD mortality rate was relatively low in Japan and Belgrade and relatively high in three other cohorts of former Yugoslavia: Slavonia, Zrenjanin and Velika Krsna ( Table 1 ). The age-adjusted prevalence of respiratory symptoms after 10 years of follow-up (Table 1) showed a strong ecological association with 25-year age-adjusted COPD mortality (r 0.67, P 0.006).
The COPD mortality rate in the 16 cohorts showed no statistically signi®cant association with the baseline prevalence of cigarette smoking. The association tended to be inverse (Figure 1) . Similar results were observed for the association between COPD mortality and the prevalence of heavy smoking ( b 20 cigarettes/day) at baseline (rate ratio 0.69; 95% con®dence interval (95%CI) 0.45 ± 1.04) and the smoking prevalence after 10 years of follow-up (rate ratio 0.87; 95%CI 0.60 ± 1.30). Furthermore, baseline smoking prevalence showed a nonsigni®cant inverse association with the prevalence of respiratory symptoms after 10 years of follow-up (r 7 0.21, P 0.45). Individual level analyses showed a 2.4 times higher risk of dying from COPD during the 25-year follow-up period for baseline smokers compared to nonsmokers (95%CI 1.8 ± 3.2), after adjustment for country.
Average BMI at baseline ranged from 21.8 to 26.6 kg/m 2 with an overall mean of 24.0, and was not signi®cantly associated with COPD mortality (rate ratio 0.66; 95%CI 0.37 ± 1.18). Average energy intake at baseline (range 9.6 ± 15.8 MJ/day (2.3 ± 3.8 Mcal/day) overall mean 12.6 MJ/day (3.0 Mcal/day)) was positively associated with COPD mortality, with a rate ratio of 1.24 (95%CI 1.04 ± 1.49).
In the univariate analysis 25-year COPD mortality was inversely associated with baseline fruit consumption (Figure 2 ), solid fruit showing the strongest association (Table 2) . After adjustment for total energy intake, total and solid fruit consumption remained signi®cantly associated with COPD mortality. No association was observed between COPD mortality and consumption of vegetables. Of the antioxidant nutrients studied, vitamin C and selenium showed a signi®cant inverse association with COPD mortality, but these associations were no longer signi®cant after adjustment for total energy intake ( Table 2) . Subsequent adjustments for baseline smoking prevalence and BMI did not alter the associations in Table 2 in a relevant way.
An inverse association between ®sh consumption and COPD mortality is suggested by Figure 3 . This association almost reached statistical signi®cance after adjustment for BMI, its main confounder (Table 3 ). The intake of EPA and DHA correlated strongly with ®sh consumption (r 0.77, P 0.005) and showed, after adjustment for BMI, a statistically signi®cant inverse association with COPD mortality (Table 3) . Subsequent adjustments of associations in Table   Table 1 Twenty-®ve-year COPD mortality and prevalence of respiratory symptoms after 10 years of follow-up (the Seven Countries Study) COPD mortality and fruit and ®sh consumption C Tabak et al 3 for baseline smoking prevalence and total energy intake did not alter the results in a relevant way. In a model containing fruit and ®sh consumption and smoking prevalence, the association with COPD mortality remained essentially unchanged for ®sh (rate ratio 0.97; 95%CI 0.93 ± 1.00) and total fruit consumption (rate ratio 0.49; 95%CI 0.36 ± 0.67). Smoking prevalence remained unassociated with COPD mortality (rate ratio 1.11; 95%CI 0.75 ± 1.63). Subsequent adjustments for total energy intake and BMI did not alter these results. Total fruit consumption explained about 57% of the variance in the 25-year COPD mortality rates of the cohorts. Fish consumption explained an additional 10%.
Discussion
We observed independent inverse associations between average baseline consumption of fruits and ®sh and longterm mortality from COPD in the 16 cohorts of the Seven Countries Study. Fruit and ®sh consumption together explained about 67% of the variance in the COPD mortality rates of the cohorts. Baseline smoking prevalence showed no clear association with COPD mortality in this ecological study.
General advantages of ecological studies are the much larger variation in exposure (here dietary intake) between Figure 1 Association between smoking prevalence at baseline and 25-year COPD mortality (the Seven Countries Study). rate ratio 0.78; 95%CI 0.49 ± 1.25 (for 10% change in smoking prevalence). For codes; see Table 1 . Figure 2 Association between total fruit consumption at baseline and 25-year COPD mortality (the Seven Countries Study). rate ratio 0.52; 95% CI 0.38 ± 0.73 (for 10% change in overall mean fruit consumption 13.1 g). For codes; see Table 1 .
COPD mortality and fruit and ®sh consumption C Tabak et al populations than within populations and relatively small measurement errors in exposure assessment. The use of dietary intake and mortality data collected in the cohorts, instead of food disappearance data and national statistics, and the availability of individual-level information on potential confounders adds strength to our study. However, it is important to bear in mind that on the basis of observations at the population level, no causal inferences a For these variables analyses were performed on log-transformed values; the log of 10% of the mean intake (see table) was used to calculate the rate ratios. Figure 3 Association between ®sh consumption at baseline and 25-year COPD mortality (the Seven Countries Study). rate ratio 0.98; 95%CI 0.93 ± 1.02 (for 10% change in overall mean ®sh consumption 4.4 g). For codes; see Table 1 . COPD mortality and fruit and ®sh consumption C Tabak et al can be made about individual-level phenomena (Morgenstern, 1982) . When ecological data are used to test an aetiological hypothesis, the ®ndings therefore need to be judged in the light of both a plausible biological mechanism of action and consistency with results of individuallevel studies designed to test the same hypothesis. We are not aware of other ecological studies on the relation between diet and COPD. Our results concerning fruit and COPD are in agreement with recent individuallevel studies. In a random sample of British adults, winter fruit consumption was positively associated with ventilatory function (Strachan et al, 1991) , and in the Dutch cohort of the Seven Countries Study, 25-year incidence of CNSLD was inversely associated with baseline consumption of total and solid fruits (Miedema et al, 1993) . The association between fruit consumption and COPD is thought to be due to a protective effect of the antioxidant vitamin C (Strachan et al, 1991; Britton et al, 1995) , which is suggested by several epidemiological studies (Schwartz & Weiss, 1990 , 1994b Britton, 1995) . However, in accordance with the individual-level results from the Dutch cohort (Miedema et al, 1993) , we observed that COPD was strongly associated with the consumption of solid fruits, while the association with citrus fruits and vitamin C was less clear. This suggests that, besides vitamin C, other components of fruits may be involved.
The potential protective effect of ®sh consumption is thought to be due to the anti-in¯ammatory effects of EPA and DHA (Simopoulos, 1991; Sridhar, 1995) . After adjustment for BMI, ®sh consumption and intake of EPA and DHA were inversely associated with COPD mortality. Results of individual-level studies, however, are not conclusive. In cross-sectional studies, a positive association was observed between ®sh consumption and ventilatory function (Schwartz & Weiss, 1994a; Sharp et al, 1994) and an inverse association between the combined intake of EPA and DHA and COPD was found . In the Dutch cohort (Miedema, et al, 1993) , no association was observed between baseline intake of ®sh or EPA and DHA and 25-year CNSLD incidence. This may be due to the low level of intake (average EPA and DHA intake 220 mg/day), but Shahar et al (1994) observed their association at similar levels of intake (average 247 mg/day). Further studies are needed to elucidate this issue.
Cigarette smoking is well established as the primary risk factor for COPD in individuals. Individual-level data of the Dutch cohort showed, for example, a strong positive association between baseline smoking and 20-year mortality from CNSLD (Heederik et al, 1992) . In our ecological analyses, however, baseline prevalence of smoking showed no clear association with the 25-year COPD mortality rate in the 16 cohorts.
The validity of our data on COPD mortality appears to be good. Great effort has been put into ascertaining the comparability of the mortality data between countries. The primary cause of death was established centrally and based mainly on additional sources of information besides death certi®cates. Additional individual-level analyses showed a clear difference in 25-year COPD mortality between smokers and nonsmokers at baseline. Furthermore, the COPD mortality rates of the cohorts are comparable with results of other longitudinal studies conducted in the same period (Marcus et al, 1989; Rogot & Hrubec, 1989; Carpenter et al, 1989) and also accord with data provided by the WHO (1985 WHO ( , 1986 . The validity of our COPD mortality data is further supported by the strong association with the prevalence of respiratory symptoms after 10 years of followup. A similar association on the individual level has been reported earlier (Carpenter et al, 1989) . A concern might be that the prevalence of smoking in 1960 does not re¯ect smoking prevalence during the 25-year follow-up period. However, additional analyses showed that baseline smoking prevalence was strongly associated with smoking prevalence after 10 years of follow-up and smoking prevalence after 10 years of follow-up still showed an inverse nonsigni®cant association with 25-year COPD mortality. The prevalence of heavy smoking showed no clear association with COPD mortality also. It is possible that detailed information on the duration of smoking might have revealed a relationship with COPD mortality.
The discrepancy between observed individual-level associations and our ecological association on smoking and COPD may therefore be explained by cross-level bias. In this context the term`bias' is misleading. Through the differential distribution of extraneous risk factors, or individual-level effect modi®ers across populations (Greenland and Morgenstern, 1989) , there may truly be no positive association between smoking prevalence and COPD mortality at the population level. This is supported by the situation in Japan, as reported by Aoki (1989) , with a high prevalence of smoking and a relatively low mortality from COPD, which conforms to our ®ndings in the Japanese cohorts of Ushibuka and Tanushimaru.
A few other methodological concerns need to be addressed. Although in our study we use the term COPD (de®ned as chronic bronchitis and emphysema), asthma does contribute to the mortality rates. The three conditions show overlap in clinical features (Snider, 1989) , and especially with methods available in the 1960s it is dif®cult to distinguish between asthma and COPD. In our study, chronic bronchitis or emphysema was often noted as the secondary cause of death in cases where asthma was reported as the underlying cause of death. Also considering the fact that the number of asthma cases was small, we decided against excluding them from the analyses.
It may be questioned whether food consumption around 1960 is a good indicator for average food consumption during 25 years of follow-up. The characteristic food consumption patterns of the seven countries changed during 25 years of follow-up, but the relative position of the countries in the distribution of different foods, including fruits and ®sh, was maintained (Kromhout et al, 1989) . Therefore, this type of bias is probably small.
Work-related activity level can be seen as a proxy for socioeconomic status. Since adjustment for work-related activity level did not alter the associations studied, socioeconomic status cannot explain our ®ndings. However, confounding by other, unmeasured, factors such as air pollution cannot be excluded.
We conclude that fruit and ®sh consumption may partly explain international differences in COPD mortality. This is in accordance with suggestions of a relationship between fruit and ®sh consumption and COPD observed in individual-level studies. 
